Directional Compton profiles have been measured along the [100], [110] and [111] crystallographic axes in lead using 412 and 59.5 keV y-radiation from 98 Au and Am radioisotope sources, respectively. Both measurements are in mutual agreement and show a small anisotropy, which is just distinguishable within the statistical error. The spherically averaged data have been compared with the predictions of relativistic Hartree-Fock (RHF) and non-relativistic Hartree-Fock (HF) free atom calculations. As expected, the experiment clearly favours the RHF rather than the HF calculation.
Introduction
The Compton profile is deduced from the measured x-ray or y-ray double-differential scattering cross-section and is the projection of the electron momentum density, n(p) along the scattering vector, usually chosen as the z-axis of a Cartesian coordinate system (see [1] ) J(p z ) = \\n(p)dp x dp y .
(
1)
The Compton profile is subject to the normalisation rule + 00
J J(p z ) dp z -Z,
-00
where Z is the atomic number of the scatterer. The Compton profile line shape is very sensitive to the behaviour of the valence electrons and thus provides a basis to test band theory electron wave functions. After suitable normalisation, Compton data are compared directly with theoretical predictions for J(p z ) and are also interpreted in terms of differences between pairs of directional profiles, i.e. where hkl and h'k'l' denote planes perpendicular to the scattering vector. The latter approach eliminates or at least minimises residual systematic errors after data processing and also removes the isotropic core contribution from J(p z ). Relativistic Hartree-Fock (RHF) Compton profile calculations of heavy elements [2] [3] [4] have demonstrated that the "relativistic effects" are not limited to electrons situated near to the nucleus. The relativistic spatial wave functions of the rapidly moving electrons in the inner orbitals are pulled in towards the nucleus when compared with non-relativistic Hartree-Fock (HF) wave functions as its mass increases, [5] . This relativistic contraction of the core electron distribution leads to a more effective screening of the nuclear charge.
AJ(p z ) = J hkl (p z )-J hk 'Ap z ),
The more sharply peaked position-space wave function of the core electron leads to a more delocalised momentum-space wave function and thus a flatter core electron momentum-space wave function. The consequence is that the Compton profile derived from a relativistic model is broader than the corresponding profile derived from a non-relativistic model. We expect a relativistic model to better predict the behaviour of the tightly bound innermost 1 s, 2 s and 2 p-orbitals of heavy elements. However, since the single-particle electron wave functions must be orthogonal, the outer s and p orbitals must also be affected by the relativistic nature of the core electrons. The importance of relativistic modelling in heavy metals is emphasised in a first-principles calculation of the crystal structure of 0932-0784 / 93 / 0100-0343 $ 01.30/0. -Please order a reprint rather than making your own copy.
lead [6] where a non-relativistic model resulted in the diamond structure of lead being more stable than the observed face-centred cubic structure.
A measure of the relativistic flattening of J(p z ) is provided by the quantity (J RHF (Pz) ~JHF(PZ))/ j HF(PZ)
at J(0). Mendelsohn et al. [3] cite the following results: argon (Z= 18) 0.187%, krypton (Z = 36) 0.712% and lead (Z = 82) 5.24%. As expected the effect is more significant for heavy elements.
In an earlier Compton study [7] , 123m Te y-radiation was used to measure the Compton profiles of the rare gases Ar and Kr, and the results were compared with relativistic and non-relativistic calculations of J(p,).
The relativistic flattening of J(p z ) in these gases is small, and within the statistical accuracy of the results it was not possible to distinguish between the two calculations. The effects of relativistic flattening in lead have been previously investigated [8] although the experimental results were of poor statistical accuracy (± 4% J(0)), low signal-to-noise ratio and contained a large multiple-scattering contribution (> 20% of the total intensity). However, the results did favour the RHF calculation of J(p z ) for lead.
Heller and Moreira [9] have deduced the Compton profiles of lead (and aluminium) from measurements with 137 Cs y-radiation (662 keV). They determined continuous single-scattering Compton profiles for each electron orbital from the discrete values of J{ Pz ) given in [3] . The differential scattering cross-section was calculated using a Monte Carlo method to simulate the theoretical y-ray spectra characterised by the particular scattering angle and scattered energy used. Good agreement between experiment and simulation was observed only when the Ribberfors expressions [10, 11] for scattering through angles differing from 180 degrees were employed. This work strongly supported the relativistic cross-section derived by Ribberfors [10, 11] .
Pattison and Schneider [12] used 412 keV y-radiation to measure the Compton profiles of lead and gold up to momentum values of 110 a.u. (1 a.u. of momentum = 1.99 • 10 ~ 24 m kg s ~L). They limited their interpretation to the momentum range 60-110 a.u. where the profile line shape is dominated by the behaviour of the relativistic core electrons. The K-and L-shell binding edges contained within this momentum region were clearly resolved in this experiment and well modelled by an RHF calculation of J( Pz ). As with [9] the good agreement observed supported strongly the relativistic cross-section derived by Ribberfors [10, 11] .
The objectives of the present study were twofold. The first was to deduce accurate directional Compton profiles of lead to encourage a theoretical band structure calculation for lead. The second was to illustrate the fact that non-relativistic theories are inadequate for modelling the electron momentum density and Compton profiles of lead.
Measurements and Data Analysis
The The individual oriented single-crystal discs, diameter 15.0 ±0.1 mm, were cut from a large cylindrical single-crystal bar and reduced to a common thickness (1.60 ± 0.05 mm) using spark erosion techniques. The samples were then etched to remove surface damage. Individual energy spectra were accumulated over a period of 260 hours (412 keV) and 400 hours (59.5 keV), enabled integrated counts of approximately 6xl0 6 and 3 x 10 6 to be recorded in the respective Compton profiles. Low count rates 5 cps under the Compton profile) were observed: this is a direct consequence of the high photoelectric absorption cross-section of lead.
The data were processed by application of a series of energy-dependent corrections, which were applied according to a well-tested scheme detailed in [15] . The detector response function, the energy dependence of the detector efficiency, the source-dependent and independent background corrections and the contribution from multiple scattering were all closely scrutinised. For the high-energy data the source-independent background or static background contribution was established to be 65% of the integrated total background and was removed using the procedure outlined in [16] .
As usual, a Monte Carlo simulation [17] was employed to determine the energy distribution of the multiple scattering. For the high and low-energy spectrometers the contributions from multiple scattering were 13.5% and 3.7% of J(p z ), respectively. These percentages are small compared with Compton measurements on lighter materials [18, 19] and are a further consequence of the large photoelectric absorption cross-section of lead. It was assumed that the multiplescattering profile had no directional dependence, and the constant sample thickness ensured that the same correction could be applied to each directional profile.
After application of the data processing routines the high-energy data were normalised to the free-atom value of 29.226 electrons over the momentum range 0 to 7 a.u. The K, L, and M electron-shell binding energies of lead are 88.01 keV, 30-15.9 keV, and 2.5-3.8 keV, respectively. Hence in the low-energy experiment it was not possible to excite the 1 s electrons in lead with 59.5 keV radiation and the 2 s and 2p-electrons did not contribute for momentum values greater than -7 a.u. and +11 a.u., respectively. The binding edges were acounted for in the normalisation of the lowenergy data.
Discussion
The experimental directional Compton profiles measured with 412 keV y-radiation and the isotropic RHF [3, 4] and HF [5] theoretical profiles are listed in Table 1 . Both theoretical profiles have been convoluted with Gaussians of FWHM = 0.4 a.u. in order to match the experimental resolution half width. The difficulties encountered in removing the systematic errors from J(p z ) in the 241 Am experiment (see [18, 19, 15] ), together with the breakdown of the impulse approximation for the K, L, and M-electrons, lead to the conclusion that symmetric profiles will not be forthcoming from these data. For this reason the lowenergy data were used only to confirm the anisotropy measured with the 198 Au spectrometer. Figure 1 shows the differences between directional profiles of lead obtained from measurements with 412 keV and 59.5 keV y-radiation. As the core electron contribution to the profile is isotropic, the observed anisotropy in J(p z ) gives a measure of the anisotropy in the valence electron momentum density. Taking into account the poorer quality of the lowenergy data (i.e. +0.62% J(0)) compared with that of the high-energy data ( + 0.39% J(0)), it can be seen that both data sets are in mutual agreement.
The results show that lead exhibits only a small anisotropy (~1% J(0)), which is just statistically significant. Although the anisotropics are small, they appear to be associated with the [111]-direction and correspond to a shift of electron density from the region 0.75 a.u. < p z < 1.5 a.u. to the region p z < 0.75 a.u. The Brillouin zone boundary in the [111]-direction is at 0.6 a.u. Although the density of states and the Fermi surface of lead have been calculated by a number of workers (see, for example, [20] [21] [22] [23] ), it is difficult to draw any direct comparisons between their work and these data.
A relativistic Compton profile will have a larger second moment (i.e. greater kinetic energy) than the corresponding non-relativistic profile, and by the virial theorem this corresponds to a lower total energy. The kinetic-energy difference will not be visible in J(p z ) at high momentum, where a large change in the second This discrepancy, which is of the order of 1%J(0), may be attributed to residual systematic errors remaining in the data after data processing.
Conclusions
The large observed discrepancies between the experimental data and both free-atom theories illustrate most strongly the inadequacy of these calculations to model the electron momentum density in lead. The consequence is that only a qualitative interpretation of the experimental data is possible at this time, and a relativistic band structure calculation of the electron momentum density and Compton profiles of lead is required if a quantitative interpretation of these data is to be made. Kubo and Yamashita [20] have already calculated a self-consistent relativistic band structure of lead at normal and high pressure using the symmetrised relativistic APW method, and it is hoped that this work will encourage such a relativistic band structure calculation of the Compton profiles of lead.
